One-dimensional transition metal nanostructures are of interest in many magnetic and catalytic applications. Using a combination of wet chemical synthesis, optical (infrared), and structural characterization methods (powder X-ray diffraction, scanning and transmission electron microscopy), we have investigated four paths to access 1D nickel nanostructures: (1) direct chemical reduction of a self-assembled nickel-hydrazine coordination complex, (2) thermal decomposition of the silica encapsulated nickel-hydrazine complex, (3) treatment of the silica encapsulated nickel-hydrazine complex with sodium borohydride followed by thermal annealing, and (4) electroless nickel plating using silica encapsulated nickel seed particles. We find that only route 1, which does not require a silica template, results in the formation of nickel nanorods, albeit some particle aggregation is observed. Routes 2 and 3 result in the formation of isotropic nickel structures under a reducing atmosphere. Route 4 results in heterogeneous nucleation and growth of existing particles only when partial etching of the silica capsule occurs. Detailed examination of the encapsulated nickel particles allows studying the effect of silica surface silanols on the oxidation of encapsulated nickel particles, the presence of nanoparticle-silica support interactions, the sintering mechanism of nickel and nickel oxide particles, and the fate of boride impurities. Nickel/silica nanostructures are strongly magnetic at room temperature. (infrared), and structural characterization methods (powder X-ray diffraction, scanning and transmission electron microscopy), we have investigated four paths to access 1D nickel nanostructures: (1) direct chemical reduction of a self-assembled nickel−hydrazine coordination complex, (2) thermal decomposition of the silica encapsulated nickel−hydrazine complex, (3) treatment of the silica encapsulated nickel−hydrazine complex with sodium borohydride followed by thermal annealing, and (4) electroless nickel plating using silica encapsulated nickel seed particles. We find that only route 1, which does not require a silica template, results in the formation of nickel nanorods, albeit some particle aggregation is observed. Routes 2 and 3 result in the formation of isotropic nickel structures under a reducing atmosphere. Route 4 results in heterogeneous nucleation and growth of existing particles only when partial etching of the silica capsule occurs. Detailed examination of the encapsulated nickel particles allows studying the effect of silica surface silanols on the oxidation of encapsulated nickel particles, the presence of nanoparticle−silica support interactions, the sintering mechanism of nickel and nickel oxide particles, and the fate of boride impurities. Nickel/silica nanostructures are strongly magnetic at room temperature.
■ INTRODUCTION
Metallic and bimetallic nanostructures often possess unique chemical, magnetic, and/or optoelectronic properties. To cite one particular example, recent studies found that the kinetics of hydrogen sorption/desorption of light metal hydrides (magnesium) could be accelerated at near ambient temperature and pressure by introducing veins of a second, catalytic transition metal (iron, nickel, etc.). 1, 2 Utilizing the known phenomenon of hydrogen spillover, these bimetallic heterostructures lower the activation energy required for reversible hydrogenation and dehydrogenation. 3, 4 In view of this, we recently sought to fabricate one-dimensional (1D) nanostructures of first row transition metals such as nickel to further study similar behavior. Well-defined 1D nickel nanostructures could lead to new methods to synthesize other catalytic metals (Pd, Pt, Rh, Ru, Ir) via galvanic exchange. 5 To date, 1D nickel nanostructures have been synthesized by colloidal and template methods. Among colloidal methods, Ni nanorods were made by reduction of NiCl 2 or Ni(OH) 2 , 6, 7 thermal decomposition of Ni(CH 3 COO) 2 , Ni(COD) 2 (COD = cycloocta-1,5-diene) or nickelocene, 8 solvothermal routes, 9−11 and the polyol process. 12, 13 Among template methods, electrodeposition of nickel nanostructures using anodized or anodic aluminum oxide (AAO) has been heavily studied. 14, 15 This technique has produced nickel nanowire arrays, 16−18 nickel nanotubes, 19, 20 and nickel nanorods. 21−25 The resulting nickel nanorods exhibit superparamagnetic or soft ferromagnetic behavior depending on subsequent annealing conditions 26 and can be converted to nanoporous structures of other metals via galvanic exchange. 27 Nickel wires have also been made by electrodeposition into the nanochannels of glass templates. 28 Other commonly used templates include carbon nanotubes and polymers. Nickel nanowires were deposited in the interior of carbon nanotubes (CNTs) using electroless deposition. 29 Nickel nanorods were made inside multiwalled carbon nanotubes (MWCNTs) or carbon nanofibers using microwave plasma chemical vapor deposition (MPCVD) 30, 31 or plasma-enhanced chemical vapor deposition (PECVD), 32 respectively. Arrays of ferromagnetic nickel nanowires 33 and nickel nanorods have been synthesized by electrochemical deposition using polycarbonate membranes. 34−36 Nickel nanorods were also prepared within the channels of block copolymers 37 or by annealing of dense composite films of NiO under H 2 . 38 Unfortunately, these syntheses use expensive precursors and reagents and/or suffer from limited control over the final nanostructure morphology.
Catalytically active 1D nickel nanostructures have also been made using mesoporous silica templates, including SBA-15, 39, 40 and two-dimensional (2D) mesoporous silica films. 41 Mesoporous silica templates are affordable and scalable. However, the presence of different pore lengths results in limited control over the aspect ratio of the new materials. For this reason, we turned our attention to the use of discrete, hollow 1D SiO 2 nanostructures as templates. 42−44 This class of templates can be subdivided into silica nanotubes and 1D silica capsules. The presence of openings at the tips of silica nanotubes complicates efforts to confine the growth of metals within their interior. 45−56 In contrast, silica nanocapsules offer a fully confined void against which new materials can be grown. Such silica nanocapsules can be synthesized by acid or basic catalyzed hydrolysis and condensation of tetraethyl orthosilicate (TEOS) or similar precursors in microemulsion using either soft (organic surfactants, DNA) or hard (coordination polymers) templates. 57−60 Metal-based nanoparticles have indeed been synthesized within 1D silica nanocapsules. They include Fe/SiO 2 nanowires, 61 6 mmol) was weighed into a 100 mL three-neck round-bottom (RB) flask equipped with a Teflon stir bar and a stainless steel thermocouple. The flask was purged with argon, cyclohexane (15 mL) was added, and the contents were heated toand maintained at50°C in an oil bath. A 0.8 M NiCl 2 ·6H 2 O aqueous solution (1.5 mL, 1.2 mmol) was added to the colorless solution and stirred until a transparent green reverse microemulsion formed. N 2 H 4 ·H 2 O (0.45 mL, 9.3 mmol) was added dropwise, causing a gradual color change to pink. After 3 h stirring, diethylamine (1.1 mL) was added, followed by TEOS (3.44 mL, 15.4 mmol). After 2 h stirring, the product was isolated by centrifugation (5000 rpm for 5 min), washed repeatedly with isopropanol, and dried in air at 60°C for 12 h. mmol) was added dropwise while vigorously stirring the mixture at room temperature (RT), causing gas evolution and a color change to black. After 30 min stirring, the product was collected by centrifugation, washed with water and ethanol, and dried under vacuum for 6 h. The dry product (0.6 g) was placed into a ceramic combustion boat at the center of a 3 in. diameter quartz tube inside a three-zone Lindberg/Blue M tube furnace from Thermo Scientific. The tube was purged with a mixture of H 2 (10 mL/min) and Ar (50 mL/min) for 30 min, and the flow rates were maintained throughout the experiment. The tube was heated to 500°C at 10°C/min, maintained at 500°C for 2 h, and then allowed to cool back to RT.
Electroless (33 mg) , and the mixture was heated to 45°C in air, causing gas evolution. After 2.5 h stirring at 45°C, the product was collected by centrifugation, washed several times with H 2 O, and dried in air at 60°C.
Characterization. Powder X-ray dif f raction data were measured using Co Kα1, Kα2 split radiation (45 kV, 40 mA, λ avg = 1.7903 Å) on a PANalytical X'Pert PRO diffractometer equipped with a theta−theta vertical mode goniometer, incident Fe filter, an air-cooled X'Celerator real time multiple strip (RTMS) detector, and spinner stage. The spectra were converted to Cu Kα radiation for comparison to standard patterns. Powder XRD data were also measured using Cu Kα1, Kα2 split radiation (45 kV, 40 mA, λ avg = 1.5418 Å) on a PANalytical X'Pert PRO diffractometer equipped with a theta− theta vertical mode goniometer, diffracted beam Ni filter, an aircooled X'Celerator RTMS detector, and spinner stage. Quantitative estimates of relative phase abundances (Ni vs NiO, and VT XRD, see below) were performed using Rietveld analysis on X'Pert HighScore Plus and GSAS software. The XRD samples were prepared by placing powders onto a background-less polycarbonate sample holder. Transmission electron microscopy was conducted using a FEI Technai G2 F20 field emission TEM and a scanning transmission electron microscope (STEM) operating at 200 kV (point-to-point resolution <0.25 nm and a line-to-line resolution of <0.10 nm). . The samples were prepared by dilution with KBr and pressed into a pellet. Background spectra were collected under identical conditions. Samples were continuously purged with dry N 2 to minimize water vapor absorbance. Ultraviolet−visible absorption spectra were measured with a photodiode-array Agilent 8453 UV/vis spectrophotometer. Solvent absorption was recorded and subtracted from all spectra. keeping the amount of Brij 58 and hydrazine constant allows the isolation of nanocapsules with different lengths (Figure 4a − e). 68 The overall width (outer diameter) of the nanocapsules in all experiments (40−70 nm) is constant and depends on the length of the surfactant polyoxyethylene chain used. (Figure 5a ). However, TEM shows the product consists of a mixture of Ni particles, some of which have the desired elongated (1D) morphology and some of which are significantly aggregated (forming spheroidal clumps) (Figure 5b (Figure 6a,b) . However, after the reaction there is a significant amount of void capsules (ca. 75%), suggesting that a mobile Ni species diffused away during heating. In addition, XRD shows the presence of both desired fcc-Ni 0 and undesired rock salt NiO, with the latter being the major phase. To circumvent the formation of NiO, the reaction was carried out under an Ar/H 2 reducing environment. In this case, XRD shows the major product is fccNi 0 . Unfortunately, in this case TEM shows the absence of any 1D nickel and a larger fraction of void capsules (ca. 77%) (Figure 6c,d) .
Where Did Nickel Go? Thermal treatment of metal− hydrazine complexes [M(N 2 H 4 ) n ] 2+ (M = Mn(II), Fe(II), Co(II), Ni(II), Zn(II), and Cd(II), n = 2 or 3) can result in loss of hydrazine followed by metal oxide formation. 74 Hydrazine itself undergoes thermal decomposition to N 2 and NH 3 at 240 
°C.
75 Gaseous byproducts from hydrazine decomposition during thermal decomposition of [Ni(N 2 H 4 ) 3 ]Cl 2 ⊂SiO 2 under Ar/H 2 could explain why many capsules prepared in this way are void of Ni metal. Previous studies on heat treatment of nickel particles on metal oxide surfaces showed that NH 3 and H 2 environments lead to substantially higher particle mobility and increased sintering rates. 76 Ammonia produced by hydrazine decomposition coupled with the hydrogen reducing environment could lead to formation of mobile species that give rise to the observed diffusion and agglomeration of nickel outside of the nanocapsules ( Figure  6c) . A similar argument could be made for thermal decomposition under Ar, whereby the newly formed Ni 0 particles could act as a catalyst for the decomposition of NH 3 (from hydrazine ligand) to N 2 and H 2 , thereby producing a NH 3 /H 2 environment.
Reduction with NaBH 4 . The next approach we tried to obtain 1D Ni 0 was to chemically reduce [Ni(N 2 H 4 ) 3 ]Cl 2 ⊂SiO 2 (encapsulated) suspended in H 2 O by slow addition of NaBH 4 . The suspension immediately underwent a color change from pink to black and copious amounts of gas evolved. The IR spectrum (Figure 7a ) of the product confirms hydrazine ligands are no longer present, and XRD (Figure 7b) shows the absence of crystalline material. TEM (Figure 6c ) shows varying degrees of contrast along the length of the nanocapsule, suggesting there is still some (Ni) material within the SiO 2 cavity. Reacting aqueous nickel salts with sodium borohydride is known to yield amorphous nickel/nickel boride (Ni 0 /Ni x B y ) products 77−79 (Scheme 2a−c), although the mechanism by which Ni x B y forms remains unknown. 80 The stoichiometry of the final compound (values of "x" and "y") obtained upon crystallization depends on the amount of boron in the amorphous material. Crystallization of Ni 0 /Ni x B y is often achieved through thermal annealing at ca. 500°C under an inert atmosphere, and XRD analysis has shown fcc-Ni tends to be the major product. 81 However, when we thermally annealed the NaBH 4 treated material, we obtained rock salt nickel oxide (NiO) as the prevalent phase (Figure 8 ). An average crystallite size of 5.3 nm was found using the Scherrer equation. TEM (Figure 8) shows an average particle size (4.9 ± 2.0 nm) that is in good agreement with the XRD value.
Where Did the Oxide Come From? The Role of Silanol Groups. NiO⊂SiO 2 formed under an Ar atmosphere, in the absence of an obvious O 2 or H 2 O source. We thus wondered what was the source of oxygen in this reaction. Silanol (Si− OH) groups are known to undergo dehydration at elevated temperatures, and we thought this might be the source of oxygen giving rise to NiO⊂SiO 2 . 82 Silanol dehydration upon heating was confirmed by comparing the IR spectra of assynthesized and calcined silicas (as-SiO 2 and c-SiO 2 , respectively) (Figure 9a) . The IR spectra clearly show the Si−OH stretching frequency at 947 cm −1 is present in as-SiO 2 , . Indeed, calcination in this case resulted in nearly phase pure fcc-Ni as shown by XRD ( Figure  9b ). The XRD also shows a minor rock salt NiO component that could have formed from trace O 2 or H 2 O originally present in the tube. However, X'Pert HighScore Plus structural refinement shows the product in this case consists of about 95% Ni and 5% NiO.
In order to circumvent nickel oxidation in the presence of silica during calcination of [Ni(N 2 H 4 ) 3 ]Cl 2 ⊂SiO 2 , the same thermal reaction was rerun under the flow of a reducing, Ar/H 2 mixture while keeping all other conditions identical. In this case, the XRD pattern of the product (Figure 10 ) shows fcc-Ni 0 with an average crystallite size of 12 nm estimated using the Scherrer equation. This appears to be in good agreement with the average particle size (13.7 ± 3.5 nm) obtained for the larger of two different populations of Ni particles observed by TEM (Figure 10f) . The average number of particles per rod is 4 ± 2 (Figure 10g ). Only about 1% of the capsules were void of particles. EDX line scans were used to confirm that the high contrast particles within the SiO 2 cavity are rich in Ni ( Figure  10e ). Fast fourier transform of selected area electron diffraction (SAED) under HR TEM yielded d-spacings corresponding to (111) and (200) planes of fcc-Ni (Figure 10c) . Also observed where (111) and (200) planes from rock salt NiO, which can be attributed to a thin surface layer of oxide present coating the Ni particles. This thin oxide layer may help passivate and protect Ni, making Ni more stable toward further oxidation at ambient temperature and pressure.
In contrast to the initial [Ni(N 2 H 4 ) 3 ]Cl 2 ⊂SiO 2 materials, NaBH 4 treatment results in the loss of a significant amount of the original fill volume of the nanocapsule in the form of N 2 H 4 , as confirmed by IR analysis (above). We believe this volume loss explains why nanorods are not formed during the subsequent calcination step: After hydrazine loss, there is simply not enough Ni 0 to entirely fill the nanocapsule cavity. Nevertheless, the resulting Ni⊂SiO 2 heterostructures display strong (ferro)magnetic behavior at room temperature ( Figure  11 ). Other magnetic 1D metals coated with silica are known. [61] [62] [63] 66, 83 Following the above NaBH 4 /calcination procedure, we were able to modify the final Ni 0 particle size by simply varying the amount of aqueous NiCl 2 used during the original synthesis of the SiO 2 capsules. In this way, the [Brij 58]:[NiCl 2 ] ratio was held constant at 5:1, and different amounts of aqueous NiCl 2 were added. As shown in Figure 12 , increasing the NiCl 2 loading results in larger final Ni average particle sizes and in a small decrease in the average number of Ni particles per capsule. A recent literature report found a similar correlation. 64 In conventional Ni/SiO 2 particles for catalysis, Ni 0 particle size is proportional to Ni(II) precursor loading. calcination under Ar resulted in relatively smaller NiO particles sizes (up to 6−8 nm) (Figures 10 and 8, respectively) . This observation may be explained by particle−support interactions: Nickel oxides interact more strongly with oxide supports than nickel metal, thus resulting in less particle mobility, lower sintering rates, and therefore smaller particle sizes (for NiO⊂SiO 2 ). 85 TEM also shows the NiO particles are more thoroughly spread on the surface of the silica cavity compared to Ni 0 particles, likely to the increased particle−support interactions (Figure 8a ).
In addition, calcination of NaBH 4 -treated [Ni(N 2 H 4 ) 3 ]-Cl 2 ⊂SiO 2 under Ar/H 2 resulted in spherically shaped fcc-Ni 0 particles, whereas calcination under Ar resulted in NiO particles that exhibit comparatively less shape uniformity (Figures 10f  and 8c, respectively) . This suggests that during the decomposition of NaBH 4 -treated [Ni(N 2 H 4 ) 3 ]Cl 2 ⊂SiO 2 the resulting Ni 0 particles are able to sinter at higher rates relative to NiO particles, leading to the observed more regular, spherical morphology. Two mechanisms used to explain sintering in supported Ni 0 particles are atomic migration (Ostwald ripening) and particle migration (coalescence). The mechanism of Ni 0 sintering on silica depends on the atmosphere used during calcination.
86, 87 Ni 0 particle sintering has been shown to occur through both mechanisms under vacuum. However, under a reducing (H 2 ) atmosphere, particle migration is suppressed and atomic migration becomes the predominant mechanism attributed to increased interaction between the Ni 0 particle and the silica support, relative to vacuum. At high magnification, TEM actually shows a secondary population of very small ca. 2−4 nm particles in the Ni⊂SiO 2 sample ( Figure  10f ); this indicates a bimodal size distribution and is consistent with an atomic migration sintering mechanism. However, other factors such as support porosity and surface impurities may also play a role in the formation of spherical nickel particles. 85 Examining the Fate of Boron. As mentioned above, the reaction between [Ni(N 2 H 4 ) 3 ]Cl 2 and NaBH 4 initially yields an unidentified, noncrystalline product, a fraction of which could be amorphous nickel borides (Ni x B y ) . To probe the possible presence (and speciation) of boron in these samples, a sample made by treating [Ni(N 2 H 4 ) 3 ]Cl 2 with NaBH 4 was studied by variable temperature (hot-stage) VT XRD. Upon heating, this experiment clearly shows the as-obtained amorphous material undergoing structural organization to yield fcc-Ni ( Figure 13 ).
In addition, the diffraction pattern at 275°C shows the emergence of an extra set of peaks not attributable to fcc-Ni. These peaks become even more pronounced at 300°C and eventually disappear at 350°C. The extra peaks observed in the diffraction pattern obtained at 300°C match well with the reported XRD pattern of orthorhombic nickel boride (Ni 3 B) ( Figure 13 ). General Structure Analysis System 88 (GSAS) structural refinement shows the crystalline material obtained at 300°C consists of about 91% Ni and 9% Ni 3 B. A slight observed shift to lower 2θ angle relative to the standard pattern may be due to thermal expansion of the lattice at the temperature used to collect the XRD. The shift to lower 2θ values is also demonstrated by observing the XRD patterns at 350 and 400°C compared to the fcc-Ni standard pattern and the XRD pattern of the calcined product at 35°C (Figure 13 ). Any Ni 3 B phase has completely decomposed at 400°C, but the 91 Further elemental analysis and XPS studies may be necessary to fully establish the fate of the Ni 3 B phase.
Electroless Ni Plating: Heterogeneous Growth vs Homogeneous Nucleation. The final approach we explored to try to grow zerovalent nickel nanorods within 1D silica capsules was to use the metal particles within Ni⊂SiO 2 as seeds for heterogeneous nucleation. To test this idea, we used electroless nickel plating. 80 Electroless plating is characterized by the selective reduction of aqueous metal ions at the surface of a catalytically active substrate (e.g., Ni, Fe, Co, Rh, Pd, Pt). This catalyzed (seeded) process has been used in the deposition of nickel metal, nickel phosphide, or nickel boride depending on the reducing agent employed. 78, 92, 93 Reducing agents and conditions commonly employed in electroless nickel plating include sodium borohydride at high temperature, hydrazine under basic (alkaline) conditions, and dimethylamineborane. 80 Electroless nickel plating in alkaline N 2 H 4 solution results in a minor growth of the fcc-Ni within the capsules. The average crystallite size calculated from XRD using the Scherrer equation suggests an increase from 9.1 to 10.9 nm, albeit TEM micrographs show a statistically insignificant increase from 13.6 ± 2.8 to 16.1 ± 4.6 nm ( Figure 14) . In addition, free Ni 0 particles are also found outside of the silica capsules ( Figure  14 ). This could result from homogeneous nucleation and/or from silica etching under the basic conditions used. The presence of several "thinner" and some ruptured silica capsules provides evidence for etching ( Figure 14) .
Electroless nickel-plating with dimethylamineborane (DMAB) resulted in the formation of some new amorphous material and in homogeneous nucleation of new fcc-Ni particles, as evidenced by XRD (Figure 15 ). High temperature annealing of these products under an Ar/H 2 atmosphere resulted in a cleaner powder diffraction pattern indicative of a larger fcc-Ni particle size as evidenced by a decrease in XRD peak widths. However, TEM shows no growth occurred within the nanocapsules (8.6 ± 1.9 and 8.6 ± 1.3 nm before and after annealing, respectively) (Figure 16b,c) . Further, agglomerated material was observed outside of the nanocapsules (Figure  16c ), which strongly suggests homogeneous nucleation occurred.
Thus, while conditions used for electroless nickel plating with N 2 H 4 etch silica, conditions used for electroless nickel plating using DMAB result in homogeneous nucleation of new nickel particles. The fact that using DMAB under neutral pH did not lead to particle growth strongly suggests that the calcined silica shell may not be sufficiently porous to permit the transport of nickel(II) precursor and reductant from the outer solution and onto the surface of the Ni(0) seeds within the nanocapsule cavity. It may be possible to decrease the density of the silica shell through co-condensation of TEOS with an alkyl-functionalized silane, followed by calcination to remove the organic component or by chemical etching in alkaline solution. However, this is out of the scope of the present work and will have to be addressed in the future. Among these three routes, only (1) results in the formation of 1D Ni(0) nanostructures, albeit particle aggregation will need to be suppressed, perhaps by adding extra surfactants to passivate the surface of the newly formed metal particles. Interestingly, route 1 does not require a silica template. Routes 2 and 3 both result in the formation of more isotropic Ni(0) structures, without an apparent 1D fraction. In the absence of a reducing atmosphere (H 2 gas), silanols on the surface of the silica capsules generate water vapor that lead to metal oxidation. This results in the formation of NiO (rock salt) nanostructures, some of which are elongated (route 2). An examination of Ni vs NiO particle sizes and distributions per capsule may help explain how these materials interact with the silica support as well as their sintering mechanism. Route 3 can reliably generate silica capsules containing several spheroidal Ni(0) particles within their cavities. These peapod-like Ni⊂SiO 2 heterostructures display strong magnetic behavior at room temperature, and preliminary data suggest Ni(0) particle size can be tuned while maintaining the overall capsule dimensions. Variable temperature experiments designed to probe the fate of boron, originating from NaBH 4 reductant used in (3), revealed the presence of amorphous boride impurities, which crystallize Ni 3 B upon further annealing.
We also attempted to grow one-dimensional nickel nanostructures via (4) electroless Ni plating using Ni⊂SiO 2 as seeds. Discernible heterogeneous nucleation and growth on the encapsulated Ni(0) particles was observed using N 2 H 4 as the reductant; however, the silica shell was etched during growth due to basic conditions employed. Experiments conducted at neutral pH using DMAB as the reductant resulted in no internal growth of encapsulated Ni(0) particles. Future work will be necessary in order to determine what are the best conditions required to effectively produce 1D nanostructures within silica nanocapsules or other similar templates.
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